Many studies have focused on the ingredients suitable for rapidly disintegrating oral tablets [1] [2] [3] [4] [5] that contain disintegrants, such as microcrystalline cellulose or low substituted hydroxypropylcellulose. However, the main disadvantage of these tablets is a rough feeling in the mouth, because they are water-insoluble. To solve this problem, we used water-soluble sugars as ingredients of rapidly disintegrating oral tablets and developed a preparation method, the Crystalline Transition Method (CT method), as a promising protocol to improve medication compliance.
Many studies have focused on the ingredients suitable for rapidly disintegrating oral tablets [1] [2] [3] [4] [5] that contain disintegrants, such as microcrystalline cellulose or low substituted hydroxypropylcellulose. However, the main disadvantage of these tablets is a rough feeling in the mouth, because they are water-insoluble. To solve this problem, we used water-soluble sugars as ingredients of rapidly disintegrating oral tablets and developed a preparation method, the Crystalline Transition Method (CT method), as a promising protocol to improve medication compliance. 6) The CT method is a method utilizing the crystalline transition of amorphous sugars. The choice of amorphous sugar is therefore a critical factor for the CT method, because each amorphous sugar has a different glass transition temperature (Tg), 7) with a distinct amount of water absorbed under any given humidity and temperature. 8) In addition, the formulated diluents and active drug substances, which are main components of these tablets, were anticipated to greatly influence the characteristics, i.e. tensile strength, porosity and oral disintegration time.
In this study, the effects of formulated ingredients (diluent, active drug substance and amorphous sugar) on the characteristics of rapidly disintegrating oral tablets were investigated in detail. The aim of this study was to determine the optimal ingredients for rapidly disintegrating oral tablets prepared by the CT method. The aim of this article was to determine the optimal ingredients for the rapidly disintegrating oral tablets prepared by the crystalline transition method (CT method). The effect of ingredients (diluent, active drug substance and amorphous sugar) on the characteristics of the tablets was investigated. The ingredients were compressed and the resultant tablets were stored under various conditions. The oral disintegration time of the tablet significantly depended on diluents, due to differences in the penetration of a small amount of water in the mouth and the viscous area formed inside the tablet. The oral disintegration time was 10-30 s for tablets with a tensile strength of approximately 1 MPa, when erythritol, mannitol or xylitol was used as the diluent. The increase in the tensile strength of tablets containing highly water-soluble active drug substances during storage was as large as that of tablets without active drug substances, while the increase in the tensile strength of tablets containing low water-soluble active drug substances was small. It was therefore found that highly water-soluble active drug substances were more suitable for the formulation prepared by the CT method than low water-soluble active drug substances. Irrespective of the type of amorphous sugar (amorphous sucrose, lactose or maltose) used, the porosity of tablets with 1 MPa of tensile strength was 30-40%, and their oral disintegration time was 10-20 s. The optimal ingredients for rapidly disintegrating oral tablets with reasonable tensile strength and disintegration time were therefore determined from these results.
Effect of Formulated Ingredients on Rapidly Disintegrating Oral Tablets Prepared by the Crystalline Transition Method
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Where F (N) is the crushing load, and D (cm) and H (cm) are the diameter and thickness of the tablet, respectively. The data given are the means of at least 5 measurements.
Measurement of Tablet Porosity The porosity of the tablet (e) was calculated using the following equation: (2) Where M (g) is the tablet weight, V (cm 3 ) is the tablet volume and r (g/cm 3 ) is true density of powders. The tablet volume was calculated from the diameter and thickness of the tablet measured with a micrometer. The true density of powder was determined using a pycnometer (autopycnometer type: 1320, Micromeritics, U.S.A.).
Measurement of Oral Disintegration Time
The time required for complete oral disintegration was measured using five healthy volunteers. The end point of oral disintegration was when a tablet placed on the tongue had disintegrated until no lumps remained. The volunteers did not move their tongue during the test.
6)
Measurement of Viscosity An aqueous solution of each diluent was prepared. The concentration of each solution was different, because each diluent has different solubility in water. Each solution was then diluted to various concentration levels. The viscosity of each aqueous solution was measured at 25°C using a digital viscometer (Type DV, TOKIMEC Inc.) of a No. 1 or No. 2 spindle. The rotation speed of the spindle was set at 60 rpm. Viscosity corresponding to 100% concentration of diluent (h cϭ100% ) was calculated by extrapolating the measured viscosity when plotted against the diluent concentration in the solution.
Moisture Absorption Moisture absorption isotherm for each diluent was determined gravimetrically at 25°C. Each sample of approximately 2 g was placed in a glass vial and stored in a desiccator over saturated salt solution to provide constant relative humidity condition until the constant weight was obtained. The relative humidity conditions of approximately 22, 34, 51, 75, and 84% were controlled by using salt solutions of potassium acetate, magnesium chloride hexahydrate, calcium nitrate tetrahydrate, sodium chloride, and potassium chloride, respectively. Then, the sample was dried at 60°C for 3 h under reduced pressure. The moisture content of the sample was calculated as the loss on drying.
Powder X-Ray Diffraction Measurement The powder X-ray diffraction patterns were measured at room temperature with an X-ray diffractometer (M03X-HF, MAC Science, Japan). The measurement conditions were as follows: target, Cu; filter, Ni; voltage, 40 kV; current, 35 mA; and scanning speed, 4°/min.
Results and Discussion
Effect of Diluent on Rapidly Disintegrating Oral Tablets We found that the tensile strength of tablets consisting of 80% of mannitol and 20% of amorphous sucrose remarkably increased after amorphous sucrose crystallization, and this methodology was used to prepare rapidly disintegrating oral tablets. 6) In this study, we investigated the effect of diluents other than mannitol on tablet characteristics. The tablets comprised of different diluents and 20% of amorphous sucrose were stored at 25°C under 34% relative humidity for 5 d. Figure 1 shows the change in tensile strength of the tablets during storage. The tensile strength increased during storage, and the degree of increase was found to be similar within the porosity range examined, irrespective of the kind of diluent used. In a previous paper, we showed the formation of new internal contact points in tablets comprised of mannitol and amorphous sucrose and the increase in tablet tensile strength by amorphous sucrose crystallization during storage.
6) This result therefore shows that the increase in tensile strength depends on amorphous sucrose crystallization, irrespective of the diluent.
The effect of diluents on the oral disintegration time is shown in Fig. 2 . Higher porosity tablets had a faster disintegration time, irrespective of the diluent used. In addition, it was observed that the diluent considerably affected the disintegration time, even if the tablet porosities were comparable. The disintegration time was shortest for tablets containing erythritol followed by mannitol, xylitol, glucose, and sorbitol.
It is well known that the disintegration time of a tablet is related to the water penetration rate into the powder beds. 9, 10) Furthermore, Oshima et al. studied the relationship between the disintegration time and water penetrating rate of rapidly disintegrating tablets in the oral cavity, and concluded that a tablet with larger pores has higher water penetration. 11) On the other hand, the viscosity of the diluent plays a role in tablet disintegration. The relationship between the viscosity of the diluent (h cϭ100% ) and the oral disintegration time of tablets after storage is shown in Table 1 . These tablets were comprised of different diluents and 20% of amorphous sucrose. Here, the viscosity corresponding to 100% diluent concentration (h cϭ100% ) was calculated by extrapolating the viscosity of each diluent in an aqueous solution: the higher the diluent viscosity, the longer the oral disintegration time of tablets. From this result, it is thought that the formation of a viscous area inside the tablet, due to the penetration of a small amount of water, delayed the oral disintegration time.
For practical use, tablets with higher tensile strength and a faster oral disintegration time are desirable, and the relationship between oral disintegration time and the tensile strength of tablets after storage was therefore studied. It is well known that there is a general tendency toward prolonged disintegration time of tablets with increased tensile strength. 12, 13) As shown in Fig. 3 , although tablets had similar tensile strength, their disintegration time differed considerably depending on the diluent used. It is reported that patients can remove a tablet with a diameter of 8 mm and a hardness of 5 kg from a blister package and handle it easily.
14) The hardness corresponds to approximately 1 MPa of tensile strength. The oral disintegration time was 10-30 s for tablets with a tensile strength of approximately 1 MPa, when erythritol, mannitol or xylitol was used as the diluent. On the other hand, the disintegration time was over 30 s when sorbitol or glucose was used. These results suggest that diluents with low viscosity are suitable for rapidly disintegrating oral tablet due to the fast water penetration.
The moisture absorption isotherms at 25°C for the diluents are shown in Fig. 4 . The amount of moisture absorbed by xylitol, glucose or sorbitol increased with the increase in relative humidity, whereas erythritol or mannitol absorbed little water within the range of relative humidity examined (22-84%). Among them, glucose and sorbitol had a tendency to absorb moisture at the relative humidity below 75%, and, at the relative humidity of 84%, the moisture content absorbed by these diluents was more than 5%. Therefore, it can be easily expected that the tensile strength of the tablets containing these hygroscopic diluents decreases during storage under the high relative humidity conditions.
Considering these results of the viscosity and the hygroscopic property of the diluents, it is thought that the optimal diluents for rapidly disintegrating oral tablets prepared by the CT method are erythritol, mannitol and xyritol. The effect of diluent particle size on the characteristics of rapidly disintegrating oral tablets was investigated. In this study, 80% of crystal a-lactose with a different particle size was compressed with 20% of amorphous sucrose. As shown in Fig. 5 , the tensile strength of tablets increased as the size of primary a-lactose particles decreased. This result suggests that an effective contact area between particles greatly affects the tensile strength of tablets. [15] [16] [17] The degree of tensile strength increase of these tablets during storage was similar, indicating that new internal contact points in the tablet, which attribute to the increase in tensile strength, were formed by amorphous sucrose crystallization. In Vromans' study on spray-dried lactose particles composed of amorphous and crystalline forms, tablet disintegration depended on the fraction of the amorphous form, the size of the primary particles and the compaction pressure. The disintegration time increased with the size of the primary particles: for tablets of 15% amorphous lactose, the time increased with a primary particle size of more than 32 mm. 18) For this reason, they concluded that the viscous binding layer formed by amorphous part on the crystalline particles became thicker and hindered the penetration of water into the tablets when lactose with a larger particle size was used.
In contrast to their study, irrespective of the primary particle size of a-lactose (75-300 mm) in this study, the oral disintegration time of tablets after storage was almost independent of the primary particle size when tablets of similar porosity were compared ( Table 2) . A possible explanation of this result is that the amorphous sucrose had already transformed to the crystalline form during storage and water penetration was no longer hindered. Therefore, from the viewpoint of tensile strength, smaller particles are preferable for rapidly disintegrating oral tablets prepared by the CT method.
Effect of Active Drug Substance on Rapidly Disintegrating Oral Tablets Some active drug substances of different water solubility were formulated for this study. The properties of the active drug substances are shown in Table 3 . The water solubility of the active drug substances varied from 0.006% to 997% (w/v).
Tablets comprised of mannitol and 20% of amorphous sucrose with 20% or 60% of active drug substance were prepared and stored at 25°C under 34% relative humidity. Figure 6 shows the relationship between the tensile strength and porosity of the tablets before and after storage. The increase in tensile strength during storage of tablets containing 60% of BB was low, probably due to insufficient formation of new 178 Vol. 54, No. 2 solid bridges between drug particles with poor water solubility. On the other hand, tablets containing a highly water-soluble active drug substance (NA) showed a marked increase in tensile strength as did tablets without active drug substances. In Fig. 7 , the increase in tensile strength of tablets containing active drug substance during storage is summarized. Tablets containing 60% of active drug substances of different solubility were compared. The increase in tensile strength of either porosity (20% or 35%) of the tablets was dependent on the solubility of active drug substances. The observed increase in tensile strength of tablets containing highly watersoluble active drug substances (NA) was larger than that of tablets containing extremely low water-soluble drugs (BB), e.g. the increase in tensile strength of NA tablets was four times larger than that of BB tablets when tablets of 20% porosity were compared. Table 4 shows the effect of active drug substance addition on tablets of similar porosity. The tensile strength and disintegration time of tablets after storage were not appreciably affected by the addition of 20% active drug substance. At 60% of formulating ratio, active drug substances with lower water solubility resulted in lower tensile strength and longer oral disintegration time. Therefore, highly water-soluble active drug substances were more suitable for the formulation of rapidly disintegrating oral tablets prepared by the CT method.
Effect of Amorphous Sugar on Rapidly Disintegrating Oral Tablets In general, it is recognized that amorphous sugar produces tablets with higher tensile strength than crystalline sugar, due to its high bonding capacity. 19, 20) Here, the effects of amorphous sucrose, lactose or maltose on the characteristics of rapidly disintegrating oral tablets were investigated. The amorphous sugars were prepared by freeze-drying and were confirmed as completely amorphous by X-ray diffraction measurement (Fig. 9) . Amorphous mannitol was not obtained as a freeze-dried solid due to its low Tg (13°C). 21, 22) Tablets comprised of 80% of mannitol with 20% of amorphous sugar were stored at 25°C under different humidity conditions for 5 d, because each amorphous sugar had a different Tg. 23 ) Figure 8 shows the tensile strength of tablets before and after storage. After storage, the increase in tensile strength was approximately 1 MPa within the porosity range examined. The porosity of the tablets with 1 MPa tensile strength was 30 to 40% and their oral disintegration time was 10-15 s irrespective of the amorphous sugar used. In our previous paper, it had been confirmed by thermal analysis and powder X-ray diffraction measurement that the amorphous sucrose of the tablets comprised of mannitol and amorphous sucrose was crystallized during storage. 6) In this study, the change in crystal form of the tablets comprised of mannitol and amorphous sugar (a-lactose or maltose) during storage was investigated. Figure 9 shows the powder X-ray diffraction pattern of the tablets after storage, as well as the corresponding pattern of the tablets before storage. Mannitol and sugar (crystal and amorphous state) were also included for comparison. The diffraction peaks of the tablets before storage were identical to those of mannitol, since the amorphous sugars are amorphous form, and have no diffraction peaks. After storage, on the other hand, the characteristic peaks corresponding to the crystal a-lactose or maltose appeared. This result indicates that the amorphous sugars crystallized during storage and formed internal contact points in the tablets as did amorphous sucrose.
Therefore, it is clear that various kinds of amorphous sugars can be used for rapidly disintegrating oral tablets prepared by the CT method.
Conclusions
The disintegration time of rapidly disintegrating oral tablets greatly depended on the diluent. The penetration of a small amount of water in the mouth and the formation of a viscous area inside the tablet seemed to be related to the different disintegration times. On the other hand, the degree of tensile strength increase was hardly affected by the diluent. These results show that the optimal diluents for rapidly disintegrating oral tablets are erysritol, mannitol and xyritol. Furthermore, from the viewpoint of tensile strength increase during storage, smaller primary diluent particles were preferable. It was also found that highly water-soluble active drug substances were more suitable than low water-soluble active drug substances. It also became clear that amorphous lactose and maltose, in addition to sucrose, could be used in the preparation of rapidly disintegrating oral tablets by the CT method. Vol. 54, No. 2 (B) Tablets comprised of mannitol and amorphous maltose: (a) intact mannitol powder; (b) intact maltose powder; (c) intact amorphous maltose powder; (d) tablet comprised of mannitol and amorphous maltose before storage; (e) tablet comprised of mannitol and amorphous maltose after storage.
